Chemical properties of epitaxially grown bimetallic layers may deviate substantially from the behavior of their constituents. Strain in conjunction with electronic effects due to the nearby interface represent the dominant contribution to this modification. One of the simplest surface processes to characterize reactivity of these substrates is the dissociative adsorption of an incoming homonuclear diatomic molecule. In this study, the adsorption of O 2 on various epitaxially grown Pt films on Ru(0001) has been investigated using infrared absorption spectroscopy and thermal desorption spectroscopy. Pt/Ru(0001) has been chosen as a model system to analyze the individual influences of lateral strain and of the residual substrate interaction on the energetics of a dissociative adsorption system. It is found that adsorption and dissociative sticking depends dramatically on Pt film thickness. Even though oxygen adsorption proceeds in a straightforward manner on Pt(111) and Ru(0001), molecular chemisorption of oxygen on Pt/Ru (0001) is entirely suppressed for the Pt/Ru(0001) monolayer. For two Pt layers chemisorbed molecular oxygen on Pt terraces is produced, albeit at a very slow rate; however, no (thermally induced) dissociation occurs. Only for Pt layer thicknesses N Pt ≥ 3 sticking gradually speeds up and annealing leads to dissociation of O 2 , thereby approaching the behavior for oxygen adsorption on genuine Pt(111). For Pt monolayer films a novel state of chemisorbed O 2 , most likely located at step edges of Pt monolayer islands is identified. This state is readily populated which precludes an activation barrier towards adsorption, in contrast to adsorption on terrace sites of the Pt/Ru(0001) monolayer.
I. INTRODUCTION
The tailoring of the chemical characteristics of catalytically active materials represents a major, though elusive task. The aim is to control selectivity and productivity of chemical reactions by proactively influencing the available adsorption sites, the respective adsorption energies, the sticking coefficients for impinging gaseous species and the various activation energies of processes encountered along the reaction pathways. Due to a large number of parameters this represents a formidable endeavour and the extraction of unambiguous and generally applicable information is both, rare and cumbersome. Besides the chemical nature of a catalyst material, its activity may be influenced in particular by the type of adsorption sites (coordination number, terrace, step, or kink sites), [1] [2] [3] the number and chemical nature of neighboring atoms (ensemble and ligand effect), [4] [5] [6] as well as strain imposed on a lattice by means of various types of heterogeneity. 5, [7] [8] [9] Yet another degree of freedom (which will not be discussed any further) may be introduced by gas mixtures and the utilization of promotors. 10 In order to extract reproducible, clear-cut, and wellfounded information from catalytic studies, it is advisable to keep good control of experimental (sample) parameters and to add heterogeneity very selectively and systematically. A common approach in the past has been to employ vicia) Electronic mail: peter.jakob@physik.uni-marburg. de. nal surfaces and compare the findings to ideal, single crystal surfaces. 1, 2, [11] [12] [13] However, more often than not definite conclusion, i.e., the ascription to a particular interaction process, is hampered by ill-defined experimental conditions, e.g., the combined variation of too many parameters, or a multitude of influences contributing to the detected quantity. For example, the addition of different chemical elements to a catalyst material (e.g., alloying) may introduce novel characteristics either due to the ensemble or the ligand effect, as well as due to strain imposed on the lattice as a result of atoms with a different atomic diameter or number of valence electrons. 6, 14, 15 Another procedure to functionalize surfaces is to epitaxially grow metallic layers. 4, 16, 17 A key characteristic of such bimetallic systems is the lattice mismatch between the adlayer and the substrate. In order to maintain a high degree of surface homogeneity it is desirable to grow pseudomorphic, or otherwise lattice-matched layers. 8, 18, 19 In the present paper the adsorption of oxygen on epitaxially grown bimetallic Pt/Ru(0001) layers has been analyzed. For Pt on Ru(0001), up to at least 4 monolayers (ML) Pt grow pseudomorphically, i.e., they adopt the lattice constant of the Ru(0001) substrate and, consequently, are laterally compressed by 2.5%. 8, 18 Due to this structural lattice distortion, the Pt electronic structure will deviate from Pt(111), in addition to the remaining influence of the Ru(0001) substrate and of the Pt/Ru interface. In a combined experimental and theoretical approach these two effects have recently been disentangled for CO on Pt layers of various thickness on Ru(0001). 8 It has been shown that the electronic influence of the substrate, while dominant for Pt islands of monatomic height, has largely vanished for three Pt layers (N Pt ). The contribution due to surface strain, on the other hand, is still fully operative until N Pt = 4-5 ML when the Pt film starts to relax (and gradually approaches the Pt lattice constant), as indicated by the formation of a dislocation network. 8, 18 For thick Pt layers N Pt > 10 ML adsorption of CO strongly resembles CO on Pt(111); slight deviations in terms of step density, CO binding energy and vibrational frequencies, however, remain. 18 According to recent experimental as well as theoretical studies, adsorbate binding energies on laterally expanded lattices are higher (stronger bonding) than on laterally compressed ones. 7, 20, 21 In the case of CO adsorption on pseudomorphic Pt/Ru(0001) layers, both effects (compressive lateral strain and influence of the Pt/Ru interface) lead to a substantial weakening of the CO-substrate bond strength, in agreement with expectations. The deviations from the behavior on Pt(111) thereby are most significant for thin Pt films, indicating that the influence of lateral strain within the pseudomorphic layers on the adsorption energetics is of subordinate importance as compared to the substrate/interface effect. 8 Only for N Pt ≥ 3 ML, the strain effect dominates. According to theory oxygen adsorption energies on Pt/Ru(0001) films will be modified (reduced) too, in particular for very thin Pt films. 22 Despite its notable degree of complexity, the system O 2 on platinum has a number of characteristics which renders it a favorable choice. Specifically, various types of adsorbed oxygen species exist and can be distinguished using infrared absorption spectroscopy (IRAS): physisorbed O 2 , two types of chemisorbed O 2 , as well as chemisorbed atomic oxygen; since all of them are separated by an activation barrier, the various states can be prepared separately and characterized by standard surface analytical tools. [23] [24] [25] [26] [27] The used IRAS setup is designed for low temperature measurements down to 30 K, providing in-depth insight in the adsorption behavior of oxygen on deposited Pt films on Ru(0001). On Pt (111) 30 and, in particular, a careful STM investigation 26, 36 the two oxygen species are centered above bridge and fcc sites, respectively (Fig. 1) . Their abundances depend critically on the adsorption temperature (low T favors the bridge bonded superoxo state), which is due to dissimilar activation energies to reach these states, starting from a highly mobile (intrinsic) precursor state. 36 A third state located at Pt step edges with 111 microfacets (B-type) has additionally been identified using STM; no molecules have been detected at steps with 100 microfacets (A-type). 26, 36 Heating beyond 150 K causes thermal dissociation of molecularly chemisorbed O 2 . 32, 34 This process is usually accompanied by molecular desorption. In case CO is present, a reaction to form CO 2 proceeds in parallel as well. [37] [38] [39] For stepped Pt(111) surfaces (steps along Pt atom rows, i.e., the 1, −1, 0 direction) extra O 2 desorption peaks have been reported at 170-180 K and 220 K (Refs. 2, 12, 13, 40, 41, and 42) with the former being related to O 2 in the vicinity of atomic oxygen and the latter representing a genuine O 2 step species. 40, 42 Atomic oxygen on Pt(111) preferentially occupies fcc sites 30, 36 and is characterized by a Pt-O stretch frequency at about 480 cm −1 , when arranged in an ordered (2×2)-O overlattice. 34, 43 In this study on the adsorption behavior of chemisorbed O 2 on Pt/Ru(0001) layers a detailed description in terms of vibrational frequencies, binding energies and sticking coefficients will be presented. Direct observation of the internal O-O stretch modes (ν O-O ) of chemisorbed O 2 , and of ν Pt-O for atomic oxygen thereby allows us to distinguish the various adsorption states of molecular and atomic oxygen species. The data are supplemented by vibrational spectra of coadsorbed CO, acting as a probe molecule which distinguishes between Pt layers of different thickness and which additionally responds sensitively to the presence of nearby oxygen.
II. EXPERIMENTAL
All experiments were performed in an UHV chamber with a base pressure p = 6 × 10 −11 mbar, containing facilities for XPS (X-ray photoelectron spectroscopy), low energy electron diffraction, TPD (temperature programmed desorption), FT-IRAS (Fourier transform infrared absorption spectroscopy), and for measurements of work function changes using a Kelvin probe. The sample is a Ru single crystal with a diameter of 10 mm, a thickness of 2 mm, an orientation in the (0001) direction and a purity of 99.999%. It is mounted on a liquid (lq.) He or N 2 cooled cryostate and it can be heated up with linear heating rates of 0.01-10 K/s; the sample temperature is limited to 1570 K due to a K-type thermocouple spot-welded to the side of the sample. The Ru(0001) surface was cleaned by Ar + sputtering (1.5 keV, 1 μA) and multiple O 2 dosing cycles combined with flashing the sample up to 1570 K. The used FTIR instrument is a Bruker IFS 66v with evacuable optics (p < 1 mbar) in order to avoid bothersome absorptions of water or carbon dioxide. Within this work a liquid nitrogen cooled MCT (mercurycadmium-tellurium) detector was used, allowing for measurements in the spectral range 600-4000 cm −1 . Spectra ranging down to 400 cm −1 used a liquid He cooled Si:B detector. Unless otherwise specified, IRAS spectra were taken at a resolution of 4 cm −1 with 500-1000 scans coadded. For the IR measurements the sample was positioned in a dedicated IR-cell, which contained an additional titanium sublimation pump to reduce contamination. A uniform gas exposure is provided by a multi-capillary array (MCA) with individual diameters of 10 μm. Linear heating (0.01-10 K/s) to perform temperature programmed desorption (TPD) experiments was achieved by a microcomputer-controlled power supply. Thermal desorption spectra were obtained using a glass enclosure (Feulner cup) (Ref. 44 ) to ensure desorption from the front face only and to enhance desorption signals in the quadrupole mass spectrometer.
Our Pt films were typically deposited at substrate growth temperatures T G = 600-700 K at deposition rates of R ≈ 10 −3 ML/s. Post-annealing was restricted to the temperature range of 700-800 K, which assures low defect densities and excludes the possibility of surface alloying. 6, 14, 15, 45 
III. RESULTS

A. Molecular chemisorbed oxygen and conversion to the atomic state
As outlined in Sec. I the adsorptive properties of epitaxially grown Pt layers on Ru(0001) are modified by a combined effect of the Pt/Ru interface as well as lateral strain imposed on the Pt lattice. 8, 18 Using CO as a probe particle it has been found that the Pt/Ru interface is perceptible only for thin layers (N Pt ≤ 3 ML), while the influence of lateral strain persists until the Pt lattice is relaxed by means of dislocation formation (N Pt ≥ 5 ML). Pt films in excess of 10 ML exhibit only minute deviations from a genuine Pt(111) substrate. 18 To confirm these characteristics, 18 O 2 and 16 O 2 isotopic species have been adsorbed at T ads = 80 K onto a 10 ML Pt/Ru(0001) film (growth temperature T G = 700 K). The respective vibrational spectra are displayed in Fig. 2 for the peroxo and superoxo species of molecularly chemisorbed O 2 ; the various line positions are summarized in Table I , along with the respective isotopic shift factors. Also included in Table I are data on adsorbed atomic oxygen (O-(2 × 2) phase), which forms upon slight annealing of molecularly chemisorbed oxygen to T ≥ 150 K (see Figs. 2 associated with 18 O 2 and 16 O 2 display a bold isotopic shift for both molecular chemisorbed oxygen species, which confirms their identity as oxygen derived vibrational modes. The ν O-O frequencies for oxygen adsorbed on a 10 ML Pt film are somewhat higher as compared to Pt(111) which is attributed to a slightly weaker interaction of O 2 with the not yet fully relaxed Pt film. This observation is in accordance with CO adsorption on the very same Pt film, which likewise displays only marginal deviations in vibrational frequencies as compared to CO on Pt(111), along with slightly lower desorption temperatures in TD-spectra. 8, 18 The close similarities of our Pt films and Pt(111) in particular comprises the isotopic shift factors k iso of atomic and molecular oxygen species; in particular, they deviate only slightly from the value of gas phase O 2 (k iso = 0.943).
28
B. Adsorption series for different N Pt
In order to investigate the dependence of the adsorption probability of impinging O 2 molecules on Pt/Ru(0001) layers of varying thickness, the ν O-O mode of the superoxo species has been monitored for increasingly higher O 2 exposures. Thereby a thermal beam, aligned by means of a micro-capillary array has been directed at the sample (normal incidence) which was held at a temperature of 80 K (unless otherwise specified). Unfortunately, the determination of absolute values of the sticking coefficient s was impeded due to the fact that the MCA is located inside the IRAS measurement cell which contains an extra titanium sublimator pump to ensure negligible contaminations; the pressure increase as measured in the UHV main chamber therefore remained in the low 10 −10 mbar range even if substantial amounts of gas were introduced.
Exposures are therefore based on the pressure reading in the dosing line × exposure time (day-to-day reproducibility about ±5%). In order to obtain equivalent exposures in langmuir (L), a calibration has been carried out lateron. Here, identical O 2 surface coverages have been prepared in two different ways: (i) by means of the directed MCA gas dosing beam and (ii) using isotropic dosing.
The pressure reading in the gas dosing line is provided by a bakable MKS baratron held at a constant temperature to minimize thermal drifts. The pressure in the gas dosing system is dynamically held constant by adjusting a permanent flow from the reservoir while slightly pumping with a turbomolecular pump. A lq. N 2 cold trap inserted in the gas dosing line ensures removal of residual condensable contaminants.
In Fig. 3 , three series of IR-spectra taken as the O 2 coverage increases are displayed. The Pt layer thicknesses have been chosen to be 1.3, 2.0, and 10 ML. It is apparent that independent of Pt layer thickness, the spectral appearances, as well as coverage dependent ν O-O line shifts of the superoxo species at 870-880 cm −1 are quite similar to the findings on Pt(111). 34, 35 The same applies to ν O-O of the peroxo species at about 710 cm −1 except for the fact that this band is missing for thin Pt films (N Pt ≤ 4 ML). A remarkable difference with respect to adsorption on Pt(111), however, are the substantially increased oxygen gas exposures necessary to reach a certain O 2 coverage.
Another quite startling observation is represented by the 790 cm −1 band which is associated with N Pt 1 ML and which grows to its final strength already for rather low exposures at 80 K; annealing to 175 K causes this species to disappear. An extra paragraph will be devoted to this novel species (see below).
C. Extraction of sticking coefficients
According to a quantitative analysis of the O-O stretch mode intensity I (ν O-O ) in Fig. 3 , the amount of chemisorbed O 2 initially increases about linearly with O 2 exposure for each of the Pt/Ru(0001) layers; eventually, the increase of I (ν O-O ) slows down which is attributed to the onset of saturation of the Pt/Ru(0001) surface, and probably, electronic screening (depolarization) of ν O-O . The linear dependence between I (ν O-O ) and the amount of chemisorbed O 2 (derived from thermal desorption spectroscopy) has been verified for Pt-layers N Pt = 1.5-12 ML (see supplementary material 46 ). This means that, independent of Pt layers thickness, the ν O-O oscillator strength for adsorbed O 2 remains more or less constant.
From these traces the averaged initial sticking coefficient s 0 (N Pt ) is extracted for the various layers. Specifically, it is found that s 0 grows dramatically with increasing average Pt layer thicknessN Pt . In a more detailed analysis of O 2 sticking the individual fractional areas A i with N Pt,i Pt layers were additionally taken into account. Using IRAS, these can be easily discriminated by adsorbing small amounts of CO; in the absence of dynamical dipole coupling, i.e., at low CO coverages CO Ru(0001) has been characterized by CO adsorption at low T 80 K (flashed away lateron); the low temperatures thereby suppress lateral motion and ensure negligible interlayer transport during CO adsorption. From these spectra the fractional areas A i with N Pt,i Pt layers were determined. The average amount of deposited Pt (which scaled nicely with the integrated flux of deposited Pt) then equalsN Pt = A i · N Pt,i . The derived, averaged sticking coefficients (see Fig. 4(a) ) are then used to extract the values for individual N Pt (see Fig. 4(b) ). The most striking finding of the adsorption experiments presented in this work is the very low sticking coefficient of oxygen molecules on the Pt/Ru(0001) monolayer, despite an efficient oxygen uptake for the pristine close-packed surfaces of platinum 12, 23, 32 and ruthenium 47 (sticking coefficients for thermal beams amount to 0.5 and beyond). Moreover, it is found that sticking greatly increases, as thicker layers are grown.
Comparison of the findings regarding O 2 adsorption on the 10 ML Pt film and on Pt(111) yields a somewhat lower sticking probability for the epitaxially grown film along with a minor ν O-O frequency shift, which is attributed to the not yet fully relaxed evaporated Pt film. Similar observations have been reported for ν C-O frequencies of isolated CO species on increasingly thicker Pt layers which approach the value observed on Pt(111) only little by little. 18 Note that Pt layers grow pseudomorphically for N Pt ≤ 4 ML and relaxation of the strained (compressed) Pt lattice proceeds very gradually for thicker layers, and is accompanied by the formation of a dislocation network. 8, 18 Using monochromatic molecular beams, the sticking of O 2 on Pt(111) has been analyzed in detail by Luntz et al.; 23 based on their data an absolute sticking coefficient of about 0.6 is to be expected for a thermal beam such as ours, impinging perpendicularly onto Pt(111), and accordingly lower values for the Pt/Ru(0001) films.
The negligible sticking of O 2 on the Pt monolayer is confirmed by vibrational spectra of coadsorbed CO (Fig. 5) . Here it is essential that the internal stretch frequency of CO on Pt is sensitively influenced by coadsorbates. For example, for N Pt = 10 ML Pt on Ru(0001) ν C-O experiences blue shifts of about 20 and 10 cm −1 when coadsorbed with either O 2 or atomic oxygen, respectively, in favorable agreement with findings of CO on Pt(111). 48 Similar observations were made for CO on Ru(0001) surrounded by various chemisorbed coadsorbate species. [49] [50] [51] [52] In Fig. 5 the curves (a)-(f) correspond to the layers in the left panel of Fig. 3 . Due to a heavy CO dose just before the oxygen adsorption series was conducted, the oxygen gas contained tiny amounts of CO which accumulated on the Pt/Ru(0001) surface as the O 2 exposure increased; in curve 5(f) the CO coverage amounts to 0.005 ML. Thanks to a no- Upon annealing to 175 K (Fig. 5(g) ), this ν C-O blue shift is nullified again. Evidently, negligible amounts of molecularly chemisorbed O 2 convert to atomic oxygen on these Pt mono and bilayer films, i.e., chemisorbed O 2 largely desorbs upon thermal annealing. On Pt(111) or thick Pt/Ru(0001) films a substantial fraction (roughly a quarter, or even more for O 2 submonolayer coverages) dissociates upon annealing. It is suspected that a lower binding energy of O 2 (favoring desorption at lower T), in conjunction with a slightly higher activation energy for the dissociation channel are responsible for this reduced efficiency in O 2 dissociation. Just for completion we note that CO molecules, initially located on the Pt/Ru monolayer (2085.5 cm −1 band) become mobile at T > 100 K and leave these areas; their preferred locations, populated upon annealing, are Pt step edges (2075 cm −1 ) and, probably, areas with N Pt = 2 ML (2094 cm −1 ). As mentioned above, exposure of the Pt/Ru(0001) monolayer to molecular oxygen at low T exhibits a novel spectral feature at about 790 cm −1 . This species forms already for low O 2 exposures, which is at striking variance to the peroxo and superoxo species which are formed only very gradually for thin Pt films on Ru(0001), or, they may not form at all on the Pt/Ru(0001) monolayer; moreover, the 790 cm −1 band disappears as soon as higher Pt layers were grown (see Figs. 6(a)-6(d) ). Since the 790 cm −1 band saturates at quite low intensities (and exposures), it is concluded that it must be associated with some special minority site and that these sites may get populated readily due to an increased bond strength; Pt monolayer terraces, on the other hand, remain virtually oxygen-free.
A straightforward candidate to explain the 790 cm have been observed by STM (Refs. 26 and 36) and these oxygen molecules seem to be more strongly bound than O 2 on terraces; 2, 12, 13, 40-42 such stronger bonding would be in accordance with the reported higher desorption temperature and a suggested larger fraction of O 2 dissociation as compared to O 2 on the plain terraces of Pt(111). 3, 54 Another evidence is provided by vibrational spectroscopy: Oxygen adsorption on a stepped Pt(111) surface (Btype of steps with 111 microfacets) indeed gave an extra vibrational band at 820 cm −1 , not observed previously (Fig. 7) . For Pt(335) substrates (i.e., substrates with A-type of steps) a similar molecular oxygen species with substantially reduced O-O stretch frequency (about 800-820 cm −1 ) has been observed (using HREELS) and attributed to O 2 located at the ridges separating the rather short terraces. 2, 41 Kind of puzzling, the assignment of the 790 cm −1 mode to a step species does not really explain why this band is not observed for Pt films beyond monolayer thickness. Possibly, the nearby and much stronger regular terrace O 2 mode screens the respective mode of the minority step edge species (electronic screening or by means of "intensity borrowing"). [55] [56] [57] As no oxygen adsorbs on the terraces of the Pt/Ru(0001) monolayer, the observation of the weak step species is facilitated.
An alternative interpretation is associated with the special sites located at the boundaries of original Ru step edges and Pt monolayer areas attached to them in the course of the (step-flow) Pt deposition process at elevated T. While one cannot give a definitive answer, the close agreement of the vibrational frequency of this novel state and the O-O stretch frequencies of O 2 at Pt step edges gives clear support to the step edge geometry. Further corroboration to this interpretation comes from the enhanced sticking coefficient for stepped Pt(111) samples, 12, 23 which agrees perfectly with the rapid 
D. Physisorbed O 2 and thermally induced conversion to chemisorbed O 2
In the following it is investigated whether the lack of O 2 adsorption on the Pt/Ru(0001) monolayer is associated with a kinetic barrier along the adsorption pathway, or, it is simply due to a much too shallow adsorption potential and unsufficient cooling of the sample at T = 80 K. Therefore, lq. He cooling is used in the following. According to the literature, O 2 exposures should predominantly lead to population of a physisorbed O 2 state at very low T. [23] [24] [25] [26] [27] A transition into the molecularly chemisorbed O 2 states then can be initiated by slight thermal annealing to 40-70 K; it appears likely that population of the weakly bound precursor state will be transient only, when applying the O 2 gas at elevated surface temperatures (60-120 K). Moreover, the activation barriers stabilizing the physisorbed state on Pt(111) vary slightly for the different adsorption sites underneath, so that the relative ratio of peroxo and superoxo species produced upon annealing depends critically on the adsorption temperature. ∼12 cm −1 as compared to the respective mode of the free O 2 molecule 28 (and blue shifted by 1 cm −1 with respect to O 2 on the Pt(111) surface 27 ). The only extra band detected for these layers is located at about 765-800 cm −1 for 16 O 2 . Interestingly, this band is subject to a red shift by about 25 cm −1 when physisorbed oxygen is present (see curves (c) and (d) of Fig. 8 ). This shift is reversible after physisorbed O 2 has desorbed (Fig. 8(e) ). In Sec. III C this feature has been attributed to molecular oxygen at some kind of defect sites, most likely at the step edges of Pt-terraces. Clearly, there exists an isotopic shift 767 → 730 cm −1 (k iso = 0.952), when 16 O 2 is replaced by the 18 O 2 isotopic species (see curves (a) and (b) of Fig. 8 ).
In accordance with the adsorption studies at T = 80 K (see Fig. 6 ), the 790 cm −1 species forms readily, even for rather low exposures (Fig. 8(c) ). As the growth of the physisorbed oxygen starts only with some delay, it appears reasonable that there exists a non-activated exit channel of the physisorbed state. It is obvious that these special high reactivity sites of the Pt/Ru(0001) surface are associated with the molecular chemisorbed state withν O-O at about 790 cm −1 . It seems that only after these sites have been occupied, the physisorbed oxygen represents a stable (observable) state.
The well-known superoxo and peroxo species, on the other hand, experience shallow but nevertheless effective activation barriers along their adsorption pathways. Referring to molecularly chemisorbed O 2 (superoxo species) withν O-O expected in the range of 850-900 cm −1 , no infrared absorption bands are observed for N Pt ≤ 2 ML when O 2 dosage is performed at 36 K (apart from a slight baseline instability at 800-1000 cm −1 in Figs. 8(d) and 8(e) ). With an increasing number of Pt layers, i.e., for N Pt = 3 ML and beyond, the filling of the physisorbed O 2 state is accompanied by the growth of a weak band at 870 cm −1 . It is attributed to the superoxo state of chemisorbed O 2 , in accordance with the adsorption series at 80 K (see Fig. 3 ). This band gains considerably in intensity upon annealing to 80 K which transforms physisorbed O 2 to the molecularly chemisorbed state on Pt(111). [23] [24] [25] [26] [27] Note that the ν O-O mode of the superoxo species at about 870 cm −1 likewise is subject to a slight red shift (about 6 cm −1 ) in the presence of physisorbed O 2 (not shown). Such frequency shifts of chemisorbed species in the presence of physisorbates are quite common. 49, 50 Interestingly, this shift is substantially weaker for superoxo O 2 as compared to the defect (step) related species withν O-O = 790 cm −1 . It is invoked that the more compact arrangement 26, 36 of the superoxo species (870 cm −1 ) attenuates the influence of nearby physisorbed O 2 . In addition, the effect of second layer O 2 (physisorbed O 2 above islands of superoxo O 2 ) is expected to be a lot weaker as compared to first layer physisorbed O 2 ; such behavior has been noticed before for the system CO + Xe/Ar on Ru(0001) and it is in accordance with a negligible work function change of second layer vs. first layer physisorbed species. 50 For Pt(111) physisorbed oxygen can be readily transformed into molecularly chemisorbed O 2 simply by heating to about 40 K. 24 For Pt/Ru(0001) layers such a transfer works efficiently only for N Pt ≥ 3 ML. For N Pt = 1 ML such annealing fully desorbs physisorbed O 2 and for N Pt = 2 ML the amount of produced chemisorbed O 2 is negligibly small. Only by applying extended oxygen exposures at 80 K notable signals of chemisorbed O 2 could be obtained. Further annealing to T ≥ 130 K desorbed O 2 ; as a consequence, atomic oxygen could not be produced on mono and bilayer Pt/Ru(0001). This conclusion is based on the lack of detecting ν Pt-O of atomic oxygen and the absence of any oxygen induced ν C-O line shifts when using CO as a probe molecule (see Fig. 5, above) .
IV. DISCUSSION
In a detailed ab initio local-spin-density calculation, the adsorption of oxygen on Pt(111) has been analyzed 30, 58 and it turned out that the d-band is contributing most significantly to the bonding. Based on the model developed by Hammer and Nørskov 59, 60 it has been further shown, that the binding energies of various adsorbate species, such as CO molecules and, in particular, oxygen atoms are linearly lowered as the d-band center departs from the Fermi level. 21, 61, 62 In previous work an elegant way to modify the surface electronic structure, e.g., the location of the d-band, by growing bimetallic layers has been presented. 8 Specifically, clear evidence that the first monolayers of Pt on Ru(0001) grow pseudomorphically and are laterally compressed by 2.5% has been found. According to theory, 21, 22, [59] [60] [61] such a compression yields a stronger overlap of neighboring Pt d-band orbitals and an accordingly energetically broadened d-band. For Pt on Ru(0001), both of them being transition metals with more than half-filled d-band, the energetic position of the dband center is then shifted downward from the Fermi level to ensure charge neutrality of bulk and surface. In the calculations of Mavrikakis and co-workers this shift, as well as variations in adsorbate binding energies have been directly correlated with lattice strain. 21 On the experimental side, this trend of reduced bond strength of adsorbate (oxygen) species on compressed lattices is documented for the Ru(0001) surface, locally strained by means of nanoscale protrusions caused by subsurface Ar-filled cavities after Ar + -ion bombardment and implantation. 7, 20 The adsorption geometry and energetics of atomic and molecularly chemisorbed oxygen on Pt/Ru(0001) layers have been investigated theoretically by M. Lischka et al. 22 Using density-functional theory (DFT) the binding sites of molecularly chemisorbed oxygen on Pt/Ru (0001) 22 This finding corroborates an earlier conclusion stating that the influence of the Pt/Ru interface is negligible for Pt layer thicknesses of N Pt = 3 ML and beyond. 8 Only for N Pt = 2 ML and especially for the Pt/Ru(0001) monolayer the substrate influence is substantial, leading to additional reductions of the oxygen-Pt interaction strength.
At variance to expectation based on calculated binding energies of O 2 on Pt/Ru(0001) monolayers, 22 the molecular chemisorbed superoxo -O 2 species could not be detected in our experiments. For Pt bilayers this species is formed, albeit at a slow rate due to the small sticking probability; upon annealing molecular oxygen desorbs entirely, i.e., no transition to the atomic state could be initiated on Pt bilayers. To visualize these differences, a schematic picture of the potential curve as seen by impinging O 2 is displayed in Fig. 9 . Despite its simplicity it may nevertheless provide an intuitive picture of the findings of this study regarding the sticking of oxygen on the various Pt/Ru(0001) layers.
In our TD spectra (see supplementary material 46 ) we observe an increase in O 2 desorption (peak) temperature T max = 115 → 135 K for N Pt = 2-5 ML (heating rate 1 K/s); for thicker Pt films gradual strain relaxation within the Pt film adds another 5-10 K. This finding is in accordance with theoretical predictions 22 that adsorption energies E i of the molecular chemisorbed state of oxygen increase with layer thickness (and also upon Pt lattice relaxation). The binding energy of the physisorbed O 2 species (E phys ), on the other hand, is expected to be largely independent of Pt layer thickness. By means of numerical integration of an Arrhenius rate equation (assuming first order desorption kinetics and a constant 23 to be 37 kJ/mol (0.38 eV). This energy is reasonably close to the value derived for N Pt = 10 ML in this work, which is not a big surprise since the 10 ML Pt film already started to relax structurally and its lattice constant gradually approaches the Pt(111) value.
The experimentally derived value for superoxo O 2 on Pt(111) is about 50% lower than calculated using DFT. 22, 30, 58 For the Pt/Ru(0001) layers this factor amounts to 30-40% (Ref. 22 ) and even though the deviations in absolute values are notable, the derived trend for different Pt/Ru(0001) layer thicknesses is quite clear and correlates well with experimental data. Assuming a similar "correction" factor of 0.6-0.7 to apply for the Pt/Ru(0001) monolayer, the energies from DFT calculations 22 may be employed to extrapolate a fictitious value ofẼ ≈ 80 K, if a standard prefactor (10 13 1/s) for the desorption process is assumed. As liquid N 2 cooling is insufficient to stabilize such a weakly bound surface species on the Pt/Ru(0001) monolayer, liquid He cooling is required to avoid rapid desorption out of this state once it is populated. However, neither extended exposures at low T 36 K nor annealing of physisorbed O 2 could produce molecular chemisorbed oxygen on the Pt/Ru(0001) monolayer (except for a defect-related state withν O-O ≈ 790 cm −1 ). Apparently, the transition from the physisorbed state to chemisorbed O 2 is hindered for Pt/Ru(0001) monolayer substrates, which is attributed to a higher activation barrier as compared to desorption of physisorbed O 2 . It is invoked that the less deep adsorption potential of O 2 on the Pt/Ru(0001) monolayer is the primary cause for this increased barrier height. For 2 ML Pt/Ru(0001), the increased depth of the superoxo chemisorption potential reduces the barrier between the physisorbed and molecular chemisorbed O 2 states sufficiently to allow a transition by heating the sample to about 50 K. Such a correlation between activation barriers and the ground state energies of educt or product species is known as the Brønstedt-Evans-Polanyi principle. 63, 64 In particular, when it comes to predict catalytic behavior and to describe trends, a renewed interest in these concept exist. 65, 66 In order to end up in the atomically chemisorbed state (as observed for chemisorbed O 2 on Pt(111) (Refs. 24 and 34)), the O 2 molecules eventually have to dissociate, e.g., by controlled annealing of the layers. For bimetallic Pt/Ru(0001) layers with N Pt = 2 ML desorption sets in prior to dissociation. A transition into the atomic state is found only for ≥ 3 ML Pt layers; we suspect that a similar scenario as described above applies to the atomically chemisorbed state (E at ), i.e., an enhanced bonding of oxygen atoms to thick Pt layers reduces the barrier towards dissociation. It is suggested that both, the residual electronic effect of the Ru(0001) substrate as well as lattice strain within the pseudomorphic Pt layers, contribute to the modified chemical properties of Pt/Ru(0001) with respect to Pt(111). While the former has virtually vanished for N Pt ≥ 3 ML, the strain effect remains active for thicker layers and is only gradually released for N Pt ≥ 5 ML by the formation of dislocations. 8, 18 According to the present findings the contribution due to strain seems to be of minor importance, as compared to the electronic influence of the Ru(0001) substrate (including the Pt/Ru interface), at least for the studied transition of physisorbed O 2 into chemisorbed O 2 , as well as the dissociation into the atomic state.
V. SUMMARY
In conclusion, infrared absorption and thermal desorption spectroscopy have been employed to study the adsorption behavior of oxygen on epitaxially grown, pseudomorphic Pt layers on Ru(0001). Thereby, drastically modified chemical properties with respect to oxygen adsorption on Pt(111) are revealed. Specifically, sticking of O 2 and occupation of the molecularly chemisorbed peroxo and superoxo states is found to depend critically on Pt layer thickness, which is attributed to an increasingly higher kinetic barrier for thin Pt films. For the Pt monolayer occupation of these states is entirely suppressed; quite similarly, the transition between the molecular chemisorbed and the atomic oxygen states is kinetically hindered and O 2 dissociation proceeds only for N Pt ≥ 3 ML.
Irrespective of the Pt film thickness, the spectroscopic signature (line position, line width, intensity) of the prominent O 2 superoxo state at about 880 cm −1 agrees favorably with O 2 on Pt(111); such similarities have been noticed before for CO on these Pt/Ru(0001) films. 18 Even though the characteristics of the adsorption states once formed might not be that different, kinetic processes proceed at vastly different rates and may dramatically influence the accessible adsorption states and possible reaction intermediates.
In brisk contrast to the zero sticking of O 2 on Pt/Ru(0001) monolayer films, a novel molecular chemisorbed O 2 species, located at some minority site, most likely at step edges of the Pt monolayer, has been identified; this species readily forms without any indication of a kinetic barrier.
